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(54) NOVEL ANTHRAQUINONE HYDROGENATION CATALYST 

(71) We, Engelhard Minerals & In the above-described process, the cata- 

Chemicals Corporation, a corporation in- lytic hydrogenation conventionally is carried 50 

corporated in the State of Delaware, United out in either a "fluid bed" or a "fixed bed" 

States of America, of 113, Astor Street, hydrogenator. In a "fluid bed" hydrogena- 

5 Newark, State of New Jersey, United States tor the catalyst has a size of 20 to 200 mesh 

of America (assignee of Carl Donald (U.S. Standard) (0.84 to 0.074 mm) and is 

Keith, Kurt Willy Cornely and Nathan kept suspended in a portion of the working 55 

Dean Lee), do hereby declare the invention, solution which is maintained in the hydro- 

for which we pray that a patent may be genator. The working solution and hydrogen 

10 granted to us, and the method by which are passed through the catalytic hydrogena- 

it is to be performed, to be particularly des- tor continuously, and the suspended cata- 

cribed in and by the following statement:— lyst is mildly agitated to promote hydro- 60 

This invention relates to a novel hydro- genation of the working solution. In a 

genation catalyst especially useful for pro- "fixed bed" hydrogenator, the catalyst, 

15 ducing hydrogen peroxide by the anthaquin- normally having a size of 3 to 65 mesh 

one process in which the novel catalyst is (6.35 to 0.23 mm), is supported in a fixed 

used in the hydrogenation of an anthra- position, preferably between porous sup- 65 

quinone working compound, port plates or screens, and both hydrogen 

It is known that anthraquinone com- and the working solution are passed simul- 

20 pounds, e.g., 2-ethylanthraquinone, and taneously through the supported catalyst 

their tetrahydro derivatives can be used as mass either cocurrently or countercurrently. 

working compounds in a process for pro- In this system, the catalyst is never sus- 70 

ducing hydrogen peroxide. Li this process, pended in the working solution, 
commonly known as the anthraquinone pro- One of the major costs of operating the 

25 cess, a working compound is dissolved in above-defined anthraquinone process for 

a suitable solvent, or mixture of solvents, to producing hydrogen peroxide is the cost 
form a working solution and is alternately of the catalyst. Periodically, as its activity 75 
reduced and oxidized. During die reducing decreases with time, the catalyst must either 
step, the working compound is hydrogenated be reactivated or replaced in order to main- 
30 in the presence of a catalyst to reduce it to tain the desired rate of hydrogenation of the 
its "hydroquinone" form. In the subse- anthraquinone working compound. Accord- 
quent oxidation step the hydrogenated work- ingly, any technique which will permit 80 
ing compound is oxidized with air. oxygen greater amounts of hydrogen peroxide to be 
or other oxygen-containing gases to convert produced in a commercial plant by an exist- 
35 it to its "quinone" form with concomitant ing catalyst bed or which would permit a 
formation of hydrogen peroxide. The hydro- plant to produce its normal quota of per- 
gen peroxide product is then removed from oxide using smaller amounts of catalyst and 85 
the working solution, preferably by cxtrac- fewer shutdowns for reactivation and /or re- 
tion with water, and the remaining working placement of the catalyst is most desirable 
40 solution is recycled to the hydrogenator to because it reduces the cost of operating the 
again commence the cyclic process for pro- process. 

ducing hydrogen peroxide. The detailed The catalysts which have generally been 90 
operation of this process is described fully employed comprise the so-called Raney 
in U.S. Patent 2,158,525 issued May 16, nickel or noble metals, such as platinum, 
45 1939 to H. Reidl et al. U.S. Patent 2,215.883 rhodium and palladium, with palladium be- 
issued September 24. 1940 to H. Reidl et ing preferred. "While Raney nickel is an ex- 
al and U.S. Patent 3,009.782 issued Novem- cellent hydrogenating catalyst, it suffers the 95 
ber 21, 1961 to D. H. Porter, drawback of readily being poisoned by oxy- 
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gen and hydrogen peroxide. The extremely 
involved and careful filtration and extrac- 
tion that is required to remove traces of 
hydrogen peroxide or oxygen prior to re- 
5 cycling the working solution to the hydro- 
genation stage, renders the use of this cata- 
lyst uneconomical. Moreover, nickel cata- 
lysts cannot be regenerated and must be 
replaced when catalytic activity falls off. 

10 In an effort to overcome these serious dis- 
advantages of Raney nickel catalysts, noble 
metal catalysts, particularly those employ- 
ing palladium, were developed. One such 
catalyst is described in U.S. Patent No. 

15 2,657,980, issued November 3, 1953 to J. 
W. Sprauer. in which palladium metal is 
deposited on an activated alumina carrier; 
the activated alumina is defined as one con- 
taining alpha-alumina monohydrate, gamma- 

20 alumina, or both. Such catalysts give accept- 
able convertion of the "quinone" to the 
"hydroquinone" substituent, without being 
poisoned by residual hydrogen peroxide or 
oxygen and further can readily be regener- 

25 ated when their activity falls off. 

In the fabrication of these catalysts, pal- 
ladium metal is typically deposited on a 
crushed asgregate carrier having a size of 
2 to 200 "mesh (8.0 to 0.074 mm). The 

30 larger size catalyst particles, e.g., 3 to 65 
mesh (6.35 to 0.23 mm) are useful in fixed 
bed catalytic reactors, while the finer par- 
ticles are normally used in fluid bed cata- 
lytic hydrogenators. One serious difficulty 

35 with these catalysts resides in the fact that 
the palladium, which is deposited on the 
crushed aggregate support, has a tendency 
to preferentially deposit as relatively thick 
layers in the cracks and crevices of the 

40 crushed aggregate support, rather than de- 
positing as a coating of uniform thickness 
over the external surface of the crushed ag- 
gregate particles. This tendency of the metal 
to preferentially deposit in thick layers in 

45 the areas of the cracks and crevices is par- 
ticularly true for catalyst supports that have 
a relatively low surface area measured by the 
BET (Brunauer, Emmett and Teller) method, 
described by Brunauer, Emmett and Teller 

50 } n their article, "Adsorption of Gases in 
Multimolecular Layers" in The Journal of 
the American Chemical Society, Volume 60, 
page 309 February 1938, and as described 
in detail by S. J. Gregg and K, S. W. Sing 

55 in their book. Adsorption, Surface Area and 
Porosity, published in 1967 by the Aca- 
demic Press of London and New York. 
Typical low surface area catalyst support 
materials include corundum, dolomite, 

60 quartz, silicas and carbides. Since much of 
the palladium deposited on the crushed ag- 
gregate supports is covered by other palla- 
dium metal in the form of relatively large 
crystallites all of the metal is not available 

65 for use in 'the catalytic reaction. Moreover, 



when crushed aggregate catalysts are used in 
the make-up of a fixed bed, some of the 
poorly coated projections on one particle will 
rest in a crevice of an adjacent particle, and 
this, in turn, also tends to cover part of the 70 
available metal-coated catalytic surface. Fur- 
ther, when operating a fixed bed using a 
liquid and a gas flowing cocurrently through 
the bed, the working solution has a ten- 
dency to fill the remaining space available 75 
in cracks and crevices with liquid, due to 
the surface tension of the liquid, thereby 
giving poor gas and liquid distribution in the 
catalytic bed. In some cases it has also been 
observed that the metal that deposits on the 80 
more accessible areas of the crushed ag- 
gregate carrier is poorly bonded to the sur- 
face and is easily lost in use. AH of these 
factors tend to reduce the efficiency of a 
catalyst using a crushed aggregate carrier 85 
for the desired hydrogenation reaction. 

Attempts have been made to overcome 
the deficiencies of the above crushed aggre- 
gate supported catalyst by preparing 
spherical supports from alpha-alumina 90 
monohydrate and gamma-alumina or both. 
Unfortunately, when used in the anthraquin- 
one hydrogen peroxide process, palladium 
metal deposited on this type of support 
has a rather short active life. The small 95 
amounts of water which are inherent in the 
process apparently attrite the metal from the 
surface of the alpha- and/or gamma-alumina 
spheres. Apparently, the metal cannot ad- 
here as tenaciously to these types of sup- 100 
ports as it can to the crushed aggregate type 
of support. 

In accordance with the present invention 
there is provided a novel catalyst which is 
especially useful in the catalytic hydrogena- 105 
tion of an anthraquinone working compound 
for producing hydrogen peroxide in that this 
new catalyst has an unexpected, high level of 
catalytic activity and surprisingly retains 
its activity for prolonged periods of use 110 
without the need for regeneration and with- 
out attriting metal from its surface. The 
catalvst contains at least 0.05% (preferably 
between 0.1 to 5%) by weight of metallic 
palladium dispersed essentially uniformly 1J5 
over the surface of alumina supporting 
spheres, said alumina supporting spheres 
having their major crystalline structure in 
the form of delta-alumina, theta-alumina, or 
mixtures of delta-alumina and theta-alumina, 120 
and being substantially free of alpha-alum- 
ina gamma-alumina or alpha-alumina 
monohydrate. The alumina spheres have 
substantial! v no pores whose diameters are 
larger than 0.06 micron, a BET surface area 125 
of over 20 m 5 /gni, and the palladium metal 
penetration into the pores of the support- 
ing alumina surface is no more than 40 or 
50 microns. In this specification and ap- 
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pended claims all parts and percentages are 
by weight unless otherwise specified. 

In preparing the catalyst of the present in- 
vention, the alumina catalyst support is first 

5 prepared as follows. An aqueous slurry of 
hydrous alumina containing boehmite and 
amorphous hydrous alumina is prepared in 
which one part by weight of amorphous 
hydrous alumina is present to 1—4 parts 

10 of boehmite. This alumina slurry is pre- 
pared by hydrolyzing finely divided alumina 
particles having a surface area of 75 thous- 
and to 1 million nr/gm, wherein the general 
particle size of the alumina is 2 to 100 

15 microns, with preferably at least 50% of the 
particles being from 10 to 40 microns. 
Such alumina is usually one in which at least 
90% of the particles can pass through a 
325 mesh sieve (U.S. Standard) (less than 

20 0.044 mm). This fine alumina is reacted 
with liquid water in the presence of a water- 
soluble lower fatty acid, preferably a satur- 
ated lower fatty acid having from 1 to 2 
carbon atoms, such as formic acid, acetic 

25 acid and_ trichloroacetic acid. Of these, 
formic acid is preferred. The reaction is run 
by maintaining a ratio of about 1 gram mole 
of the organic carboxylic acid to 2 to 30 
gram-atoms of aluminum and at least 18 

30 gram moles of water. This reaction is run 
at a temperature of 60—250° C. and at a 
pressure sufficient to maintain a liquid phase. 
At the above ratios, the reaction mixture 
normally remains in the pH range of 3 to 5. 

35 The resulting slurry normally has a concen- 
tration of 5 to 12% alumina. The method 
for preparing this aqueous hydrous alumina 
slurry is disclosed in U.S. Patent 3,429,660, 
issued to Carl D. Keith, et al., on February 

40 25, 1969. ' 
The resulting aqueous hydrous alumina 
slurry is formed into spheres by dispersing 
the slurry into uniform particles of a desired 
size and dropping these particles into a 

45 column of water-immiscible liquid (e.g., a 
mixture of 77% by volume of a mineral "oil 
having a viscosity of 65—75 SUS (Saybolt 
Universal Seconds) and 23% by volume 
carbon tetrachloride) containing a coagulat- 

50 ing agent. The preferred coagulating agent 
is gaseous ammonia, and it is preferably 
passed upwardly through the column of 
water-immiscible liquid in counter-current 
flow to the drops of alumina slurry. As the 

55 drops descend in the column, essentially 
firm spheroidal particles are formed. The 
resulting spheroidal particles are collected 
at the base of the column, separated from 
tlie water-immiscible liquid, and aged in a 

60 dilute aqueous ammonia solution, e.g., a 
6% aqueous ammonia solution, preferably 
for at least about 15 minutes. They are then 
water-washed and dried until they contain 
no more than 5% free water by passing a 

65 heated air stream, having a temperature 



over lOO'C, over the spheroidal particles. 

In a preferred mode of operation, a filler 
or thickening agent, such as calcined gamma- 
alumina, is added to the hydrous alumina 
slurry in amounts sufficient to constitute up 70 
to 65% of the total alumina slurry, although 
amounts of from 20 to 50% are preferred. 
Other optional additives, such as water- 
soluble starches, can also be employed, if 
desired. 75 

The dispersing means effective in forming 
uniform drops of the above slurry having a 
desired size are a multiplicity of hypodermic 
syringe needles. These needles, depending 
on internal diameters, will dispense varying 80 
size drops of the hydrous alumina slurry 
into the water-immiscible liquid and thus 
regulate the size of the resulting spheroids. 
Other such effective dispersing means can 
also be used in the practice of this invention. 85 

The alumina spheroidal particles thus pro- 
duced are then calcined by heating them at 
temperatures of from 850° to 1200 °C, and 
preferably 900° to 1100°C, until they are 
. converted essentially to either delta-alumina, 90 
theta-alumina or mixtures thereof. This heat- 
ing period may range from 30 minutes at the 
higher temperatures up to 12 hours at the 
lower temperatures, the exact time varying 
from sample to sample and depending on 95 
the type of heating equipment used. Cal- 
cination at temperatures of 950°C for about 
4 hours has been found to yield good results 
without unduly long heating periods. The 
calcination converts the alumina to the de- 100 
sired crystalline form of alumina and also 
yields the desired pore structure and over- 
all surface area. In general, the resulting 
alumina spheres may be produced in sizes 
of from 3 to 200 mesh, (6.35 to 0.074 mm) 105 
and substantially none of their pores are 
larger than 0.06 micron in diameter. The 
method for determining the pore structure 
is set forth below. Further, these alumina 
spheres have a BET surface area of above 110 
20 m s /gm. up to 200 m 2 /gm., with 90 to 110 
m 2 /gm. being the most common. The form 
of alumina in the spheres is essentially either 
delta-alumina or theta-alumina, or mixtures 
thereof, depending .on the calcining condi- 115 
tions employed. 

The resulting calcined spheroidal alumina 
particles are then treated to deposit pal- 
ladium metal uniformly on their surface by 
established techniques. The palladium may 120 
be desposited by impregnating the alumina 
spheres with a water-soluble inorganic salt 
of the palladium metal, e.g., sodium pal- 
ladium chloride, palladous chloride and 
chloropalladous chloride, which are known 125 
in the art. The palladium is then precipitated 
in either its free state or in a chemically 
combined form, e.g., palladium oxide, on 
the surface of the spheroidal alumina par- 
ticles. The palladium metal, thus deposited, 130 
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is then activated and/or reduced by conven- 
tional reducing agents, such as formaldehyde, 
sodium formate, hydrazine salts and hydro- 
gen. Enough palladium is deposited so that 

5 at least 0.05% (and preferably 0.1 to 5%) by 
weiaht palladium is deposited on the 
spheroidal carrier. The surface configura- 
tion of the present spheroidal alumina per- 
mits the palladium to form an adherent, uni- 

10 form deposit over the entire surface of the 
alumina and to penetrate into the pores of 
the alumina surface no more than 40 or 50 

The present catalyst, thus produced, has 

15 many advantages over catalysts of the prior 
art. The palladium metal is substantially 
uniformly deposited only on the surface of 
the alumina sphere, thereby permitting maxi- 
mum exposure of the metal for catalytic 

20 use. The palladium is held in a cohesive, 
substantially uniform coating on the sur- 
face of the sphere by virtue of the relatively 
small diameter capillary pores which are in 
close proximity to one another and which 

25 adhere the palladium coating to the surface 
of the alumina sphere. Further, since this 
alumina support is not alfected by any un- 
avoidable water in the anthraquinone work- 
in" solution, the metal does not attnte from 

30 the alumina sphere even if small amounts of 
water contact the catalyst. 

The outstanding property of the present 
catalyst is its extremely high activity level 
and, most unexpectedly, the finding that it 

35 retains this high activity level without the 
need for regeneration. This is completely mi- 
expected, compared to the prior art catalysts. 
For example after several hundred to over 
one thousand hours of operation, the pre- 

40 sent catalyst retained over 97% of its original 
activity without regeneration. Ordinarily, 
prior art catalysts, such as palladium metal 
on alpha-alumina or dolomite, have to be 
periodically regenerated every 4S to 96 hours 

45 vvben used in the antraquinone process for 
making hydrogen peroxide. 

The present spherical catalyst also has 
other advantages. When used in a packed, 
fixed bed hydrogenator, there is essentially 
50 point contact between the catalytic spheres 
thereby resulting in maximum exposure of 
the catalyst surface to the anthraqumone 
workinc solution and to hydrogen. This un- 
doubtedly is a factor in the high level of 
55 activity which this catalyst possesses. In 
addition, the high metal dispersion gives 
more efficient utilization of the palladium 
metal on the catalyst, and therefore less pal- 
ladium is required in a given catalvtic 
60 hydrogenator to achieve maximum hydro- 
genation activity. 

In general, the present catalyst must have 
a support that consists essentially of delta- 
alumina, theta-alumina, or mixtures thereof. 
65 These types of alumina have been found to 



give a support which is not attacked by the 
anthraquinone working solution or any com- 
ponents thereof, including unavoidable 
amounts of water. Further, these types of 
alumina permit the fabrication of a support 70 
that has substantially none of its pores larger 
than 0.06 micron in diameter. Such an alum- 
ina has a BET surface of above 20 mVgm- 
and normally approaches values of 90 and 
even above, e.g.. 200 m 2 /gm. The "total 75 
pore volume" of the alumina, which is a 
measure of the total volume of pores 
and openings smaller than 100 microns 
it; diameter per unit weight of sample, is 
greater than 0.25 cc/gm and preferably is 80 
in maintaining catalytic activity and in re- 
greater than 0.4 cc/gm. These fine pores aid 
taining the coated palladium on the surface 
of the alumina, even though the palladium 
penetration into pores of the supporting 85 
alumina surface is no more than 40 to 50 
microns. 

The porosity of the alumina support 
spheres is determined by measuring the 
volume of sample that is penetrable by mer- 90 
cury when the pressure is increased from 
0.126 to 350 kg/cm" absolute. The porosity 
of a sample can be determined readily using 
an Aminco-Winslow porisometer, manufac- 
tured by the American Instrument Company. 95 
Incorporated of Silver Spring, Maryland, 
which is designed to permit pressures of up 
to 350 kg/cm 2 absolute to be exerted on 
mercury used to penetrate the pores. In 
us ins this technique, a sample is initially sub- luu 
jeeted to mercury under a pressure of 0.126 
kg/cm 2 absolute. At this pressure, the 
mercury penerates all voids and surface 
cracks which are larger than 100 microns. 
As the pressure of the mercury is increased, 105 
up to 350 kg/cm 3 absolute, the mercury 
penetrates increasingly smaller pores in the 
sample. The pressure necessary to penetrate 
pores of a civen diameter is known, and the 
volume penetration can be plotted against 110 
pore size (diameter). In this way, the 
volume of the pores corresponding to any 
eiven pore size can be determined for a 
sample. Additionally, the cumulative volume 
of mercury penetrating the sample up to 115 
350 kg/cm 2 absolute can also be determined. 
The term "pores" as used in the specifica- 
tion and claims excludes all voids, surface 
cracks and openings larger than 100 microns. 

The present catalyst is especially useful 120 
in the anthraquinone process for catalytic- 
ally hydrouenating anthraquinone com- 
pounds. In'this process a working solution 
is made up by dissolving an anthraquinone 
working compound, which can be alterna- 125 
tively reduced and oxidized to produce 
hydrocen peroxide, in a suitable, organic 
solvent. The working solutions that can be 
used in this process are those that contain 
anthraquinone working compounds, such as UO 
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2-ethylanthraquinone or the 2-isopropyl-, 2- 
sec-butyl-, 2,5-butyI-, 2-sec-amyl, 2-methyl- 
or 1,3 -dimethyl derivatives of anthraquinone, 
as well as other anthraquinones well known 

5 in the hydrogen peroxide art. The pre- 
ferred working compounds are 2-ethyl- 
anthraquinone and its tetrahydro derivatives. 

These working compounds are dissolved 
in at least one organic solvent to form the 

10 anthraquinone working solutions; two or 
more mixed organic solvents may be used 
to enhance the solubility of an anthraquinone 
working compound in both its hydrogenated 
form, i.e.. the "hydroquinone" form and 

15 its oxidized form, i.e., the "quinone" form. 
Many such solvents and mixtures of sol- 
vents are known to be useful for 
dissolving the anthraquinone working 
compound in both hydrogenation and 

20 oxidation stages. Solvents made up of 
mixtures of compounds such as benzene or 
toluene, with an alcohol such as ainyl alco- 
hol or cyclohexanol, have been suggested 
and used for this purpose. Particularly use- 

25 ful solvent mixtures for the anthraquinone 
process include, but are not limited to. 
alkylbenzenes containing 9 — 11 carbon 
atoms, and trialkyl phosphates. A preferred 
solvent mixture for use in this anthraquinone 

30 process is a mixture of G, and C 10 alkyl- 
benzenes with tris(2-ethylhexyl) phosphate. 

In using the present catalyst, the above 
anthraquinone working solution is passed 
into a catalytic hydrogenator containing the 

35 present catalyst along with gaseous hydro- 
gen, and the working compound dissolved 
in the working solution is hydrogenated. 
Any means commonly employed for con- 
tacting working solutions with a hydrogena- 

40 tion catalyst and hydrogen may be employed 
in the hydrogenator when using the present 
catalyst. Normally, the catalytic hydrogena- 
tion is carried out in either a "fluid bed" or 
a "fixed bed" hydrogenator. In the "fixed 

45 bed" method the above catalyst, having a 
particle size of from 3 to 65 mesh, (6.35 to 
0.23 mm) is supported in a fixed position, 
preferably between porous support plates or 
screens, in a deep bed, and the working solu- 

50 tion and hydrogen are passed simultane- 
ously through the supported catalyst mass 
either cocurrently or countercurrently. The 
essential feature of this operation is that the 
catalyst remains in a fixed position without 

55 moving within the catalytic hydrogenator. 
In a "fluid bed" type hydrogenator, the 
catalyst is usually of small size, e.g., 20 to 
200 mesh (8.0 to 0.074 mm) and is kept 
suspended in a portion of the working solu- 

60 tion which is maintained in the hydrogena- 
tor. The working solution and hydrogen are 
passed through the catalytic hydrogenator 
continuously, and the suspended catalyst is 
mildly agitated to promote hydrogenation 

60 of the working solution. Generally, this agi- 



tation is achieved by introducing a rising 
stream of hydrogen near the bottom of the 
hydrogenator in an amount sufficient to 
create turbulence throughout the working 
solution containing the suspended catalyst. 70 

In the hydrogenation stage, conventional 
temperatures and pressures known to be 
useful in producing hydrogen peroxide by 
the anthraquinone process can be utilized. 
The fixed bed hydrogenator can be oper- 75 
ated at pressures of between 0.35 and 7 
kg/cm 3 gauge: typically pressures of be- 
tween 2.1 and 4.2 kg/cm J are conventional. 
While superatmospheric pressures are pre- 
ferred, the process can be. operated at atmo- 80 
spheric pressure, and in some cases, at sub- 
atmospheric pressure. The hydrogenator 
can be operated at temperatures between 
ambient (about 20°C.) and 150°C; typically 
fixed bed operations are normally between 85 
20° and 70°C, and preferably at tempera- 
tures of 45 to 55° C. 

Under the normal conditions of operation, 
the proportion of working compound which 
is hydrogenated per pass (depth of hydro- 90 
genation) through the catalytic hydrogenator 
normally is 40 to 80%. If higher depths of 
hydrogenation are desired, these may be 
carried out readily, but with some increase in 
the formation of degradation products. 95 

The working solution, after leaving the 
catalytic hydrogenator, is passed into an oxi- 
dizer where it is contacted with air or oxy- 
gen. In the normal mode of operation, the 
working solution flows continuously 'into 100 
the base of an oxidizing tank and is removed 
as oxidized overflow through a standpipe at 
the top of the oxidizing vessel. Air, oxygen 
or other oxygen-containing gas is pumped 
into diffusers or other gas dispersing means 105 
located at the base of the oxidizing vessel 
and is released as a continuous upward flow 
of dispersed bubbles passing through the 
working solution. The oxidation reaction 
normally takes place at atmospheric pres- 110 
sures, although subatmospheric or super- 
atmospheric pressures may be employed in 
the oxidizer. Temperatures of from ambient 
(about 20°C) up to 65°C. can be employed 
in the oxidizer, althaugh 45 to 55 °C. is pre- 115 
ferred. During this oxidation stage, the 
anthraquinone working compound is oxi- 
dized to its "quinone" form with concomit- 
ant release of hydrogen peroxide. 

The oxidized mixture is removed from the 120 
oxidizer and subjected to a water extraction 
in a conventional extractor to dissolve the 
hydrogen peroxide, preferentially, in the 
aqueous extract phase. The raffinate and 
water extract are then permitted to separate 125 
into an organic phase and a water phase. 
The water phase, containing most of the 
hydrogen peroxide, is separated from the 
organic phase and passed to distillation units 



6 



1,267,794 



6 



to purify and concentrate the hydrogen per- 
oxide, while the organic phase, made up 
essentially of the working solution, is re- 
cycled to the hydrogenator to once again 
5 commence the cycle for producing hydro- 
gen peroxide. 

The following examples are given to illus- 
trate the invention, but are not deemed to 
be limiting thereof. 



10 Example 1 

Preparation of the Catalyst 
To a Miter, fluted, three-necked pyrex 
flask fitted with a high-speed two-bladed 
agitator, a reflux condenser and a thermo- 

15 regulator were added 500 cc. of deionized 
water, 1 cc, of 88% formic acid and 6.25 
grams of atomized aluminum metal (99.5% 
purity, surface area of 310,000 inm-/gm.; 
particle size distribution of 5—50 microns). 

20 The agitator was set to rotate at 1800 r.p.m. 
and the reaction was initiated at room tern- 
. perature. As the temperature rose, the rate 
of hydrogen production increased. The 
temperature was allowed to reach 100 6 C 

25 and maintained at this temperature. At the 
end of 1.5 hours an additional 6.25 grams 
of aluminum metal and 10 cc. of 0.684 molar 
formic acid were added to the reaction 
mixture. Further equal additions of alum- 

30 inum metal were made at 3.5, 4.5, 5 and 6 
hours total reaction time, so that a total of 
25 grams of aluminum metal had been 
added. During the time interval of 2—6 
hours, 0.634 molar formic acid solution was 

35 added until a total of 0.095 moles of 100% 
formic acid had been added. The reaction 
was allowed to continue for a total of 12 
hours at the end of which the reaction mix- 
ture was completely free of aluminum and 

40 had a pH of 3.4. 

The resulting amorphous alumina /boeh- 
. mite slurry had a composition of 34% by 
weieht amorphous alumina and 66% by 
weight boehmite (18 A boehmite crystal 

45 size). This slurry composition was mixed 
with calcined gamma-alumina in amounts 
sufficient so that the added gamma-alumina 
represented 40% by weight of the total alu- 
mina in the mixture, and the mixture was 

50 agitated at high speed in a Waring blender 
to obtain the desired fluidity. The added 
calcined gamma-alumina had a particle dis- 
tribution bv weight of 4% 1.8—2.0 microns; 
16% 2—5* microns; 35% 5—10 microns; 

55 45 % 10—22 microns. The resulting slurry 
was then fed to an oil column 3.05 meters 
in length and 10.2 cm in diameter via a 
cylindrical stainless steel head to which were 
attached 9 to lS-gauge hypodermic syringe 

60 needles. The slurry was supplied to this 
head by means of a peristaltic type pump so 
fhat there would be constant discharge rate 



from the syringe needles. The immiscible 
medium employed in the oil column was a 
mixture of 77% by volume of 65—75 SUS 65 
viscosity mineral oil and 23% by volume of 
carbon tetrachloride. Gaseous ammonia 
was added to the oil /carbon tetrachloride 
mixture at the rate of 1—5 m./min. by 
means of a porous sparger located in the 70 
bottom portion of the column to substan- 
tially saturate the mixture. At the upper 
portion of the column there was attached 
an exhaust system so that the droplets em- 
anating from the syringe needles would not 75 
coagulate immediately upon striking the free, 
ammonia-containing space above the oil/ 
carbon tetrachloride level. As the droplets 
contacted the oil /carbon tetrachloride sur- 
face they immediately began to gel, and 80 
assumed a spheroidal shape which was re- 
tained and became more firm as they des- 
cended through the immisicible medium in 
the column. The spheres were collected in 
a suitable container attached to the bottom 85 
of the oil column. They were then drained 
free of oil, aged for 15 minutes in a 6% 
aqueous ammonia solution, washed with 
water, and dried by passing heated air at 
HO^C. over the spheres until no more than 90 
5% free water remained. The spheres, hav- 
ing a size of about 10 mesh (2 mm), were 
then calcined at 950° C. for four hours until 
the alumina was substantially all in the form 
of theta-alumina and delta-alumina, with 95 
the predominant form being the theta- 
alumina. The calcined spheres had a BET 
. surface area of 90 nr/gm. and a pore distri- 
bution, when tested on an Aminco-Winslow 
porisometer, in which substantially all the 100 
pores were smaller than 0.06 micron. The 
pores were found to be 0.06 micron to 0.035 
micron in diameter, when measured at Hg 
pressures up to 350 kg/cm 2 absolute, the 
pressure limit of the testing apparatus. Sub- 105 
stantially no pores were found between 15 
microns and 0.06 microns. Total pore volume 
was 0.61 cc/gm. 

The above calcined spheres were then im- 
pregnated with an aqueous solution of HO 
sodium palladium chloride having a concen- 
. tration of 1 % by weight, expressed as pal- 
ladium. Palladium was precipitated on the 
spheres by heating the impregnated spheres 
up to the' boiling point of the solution. The 115 
metal coated spheres were treated with ex- 
cess 37% formaldehyde to activate the pal- 
ladium metal. The spheres were then sep- 
arated from the aqueous, sodium palladium 
chloride solution, water- washed and dried 120 
at 1I0°C. The deposited palladium con- 
stituted 0.3% by weight of the resulting 
catalyst and was uniformly and adherently 
deposited over the entire surface of the 
spheres penetrating into the pores of the 125 
alumina surface no more than 40 to 50 
microns. 



5 



7 



1.267.794 



7 



Example 2 
Run 1 — Preparation of Hydrogen Peroxide 
Using Catalyst of the Invention 
An anthraquinone working solution was 
5 made up by mixing together 75 % by volume 
of a commercially available, mixed aromatic 
solvent containing about 99.6% aromatics 
and having a boiling point range of 182 8 C 
to 204°C, with 25% by volume tris(2-ethyl- 
10 hexyl) phosphate. The aromatic solvent was 
obtained from Shell Chemical Company and 
identified as Cyclosol 63 having an aromatic 
content of about 82.3% C„— C u alkyl ben- 
zene (80% of which is C I0 — C a alkylbwi- 
15 zene), 13.3% cycloalkylbenzene and 3.5% 
Cio diaromatic (naphthalene). Thereafter 
10% by weight of 2-ethylanthraquinone was 
dissolved in the mixed solvent. 
A fixed bed catalytic hydrogenator was 
20 prepared in a glass tube measuring 2.5cm 
in diameter by placing the catalyst prepared 
in accordance with Example 1 on a support 
screen in the glass tube until a depth of. 0.9 
to 1.2 meters was obtained. The exact depth 
. 25 of the bed is set forth in Table 1. 

The above-defined working solution and 
an excess of gaseous hydrogen under a pres- 
sure of about 2.1 kg/ cm 3 gauge were passed 
cocurrently downwardly through the cala- 
30 lyst bed at a flow rate of 800 1 /min/ sq meter 
of catalyst bed across section. The temper- 
ature in the catalyst bed was maintained be- 
tween 45 and 50°C. The hydrogenated 
working solution recovered from the base 
35 of the hydrogenator was pumped into an 
oxidizing vessel. 

The stream of hydrogenated work- 
ing solution passed into the oxidizer 
was then oxidized by passing air through 
40 the working solution until oxidation of the 
solution was complete. The temperature of 
of the solution in the oxidizer was maintained 
at from 45—55° C. The oxidized working 
solution was removed from the oxidizer con- 
45 tinuously and passed into an extraction unit 
where it was subjected to water extraction to 
dissolve the hydrogen peroxide, preferen- 
tially, in the aqueous extract phase. 
The raffinate and water extract were dien . 
50 permitted to separate into an organic phase 
and a water phase, and the water phase, con- 
taining most of the hydrogen peroxide, was 
separated from the organic phase. The re- 
maining organic phase, which was made up 
55 essentially of the working solution, was re- 
cycled to the hydrogenator to again com- 
mence the cycle for producing hydrogen per- 
oxide. 

The above cyclic processing was carried 
60 out for periods of from 40 — 80 hours, as in- 
dicated in Table I. The productivity of the 
■ catalyst in terms of kilograms of hydrogen 
peroxide (100% basis) produced per day per 
kilogram of catalyst, as well as the amount 
65 of hydrogen peroxide produced in kilograms 



of hydrogen peroxide per day per kilogram 
of palladium, was then determined for the 
catalyst. These are reported in Table I. 

Runs A, Band C— Prior Art Examples 
The above procedure was repeated in 70 
Runs A, B and C with the exception that 
known catalysts were employed. The cata- 
lysts, their properties and their peroxide 
productivity are set forth in Table L 

Example 3 75 
Runs, 2, 3 and 4— Preparation of Hydrogen 
Peroxide Using Catalyst of the Invention 
The procedure of Example 2, Run 1 was 
repeated, except that larger sized equipment 
was utilized. One hydrogenator had a dia- 
meter of 13.7 cm. while another had a dia- 80 
meter of 1.5 meters, and the fixed beds there- 
in had the depth specified in Table II. In 
this example the 13.7-cm diameter hydrogen- 
ator was operated at 3,4—4.2 kg/cm 2 gauge 
pressure and at a temperature of 48— 60 °G 85 
Ihe second, 1.5-meter diameter reactor was 
run at 3J2 — 3.5 kg/cm 2 gauge pressure and 
at a temperature of 50 — 58 °C. The working 
solution and excess hydrogen were passed 
into the top of the fixed beds at an average 90 
rate of 1426 liters per minute per square 
meter of catalyst bed cross section. There- 
after, the hydrogenated working solution was 
passed into the base of an oxidizing vessel, 
and air was passed up through the working 95 
solution until oxidation of the solution was 
complete. The temperature of the solution 
in the oxidizer was maintained at 45— 55° C. 
Thereafter, the oxidized working solution 
was removed from the oxidizer and ex- 100 
tracted with water to remove hydrogen per- 
oxide in the aqueous phase. The remaining 
working solution which was separated from 
the aqueous phase in the extractor was then 
recycled to the hydrogenator. The catalyst 105 
descriptions, reactor size, and productivity 
of hydrogen peroxide in kilograms per day 
per kilogram of catalyst are all shown in 
Table II. 

Runs D, E and F— Prior Art Examples 1 10 
The above runs, namely 2, 3 and 4, were 
duplicated using the prior art catalysts set 
forth in Table II. The catalyst of Run D 
was new, while the catalysts of Runs E and 
F were used previously for 5 and 4 months, . 
respectively, as anthraquinone hydrogena- 115 
tion catalysts. The results of these tests are 
set forth as Examples D. E and F in Table 
II. 

In the above Example 3, Run 2 was con- 
tinued for 1579 hours during which the 120 
spherical catalyst of this invention retained 
96% of its initial metal content. The cata- 
lyst used in Run 4, after 7 months contin- 
uous use, retained over 96% of its original 
catalytic activity. Productivity of this cata- 125 
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lyst was essentially unchanged during all 
of the runs, without regeneration. 

In contrast to this, the dolomite catalyst 
of Run E, after use for only 5 months, still 
5 had over 90% of the original metal, but had 
only 54% of its activity and had to be re- 
generated every 48 to 96 hours to maintain 
even this reduced activity. Microscopic ex- 



amination of the dolomite catalyst showed 
that the metal still present was mainly in the 10 
cracks, crevices and pores of the catalyst and 
that there was little or no active metal left 
on the outer surfaces available for catalysts. 
By contrast, the catalyst of the invention 
retains the palladium metal on the entire sur- 1 5 
face of the supporting spherical carrier. 
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WHAT WE CLAIM IS : — 

1. A hydrogenation catalyst, useful for 
the catalytic hydrogenation of anthraquinone 
working compounds in the process of pro- 

5 ducing hydrogen peroxide, which comprises 
at least 0.05% by weight of metallic palla- 
dium dispersed substantially uniformly over 
the surface of alumina supporting spheres, 
the alumina supporting spheres: 

10 a) having as their major crystalline struc- 
ture delta-alumina and/ or theta-alumina, 

b) being substantially free of alpha- 
alumina, gamma-alumina and alpha- 
alumina monohydrate, 

15 c) having substantially no pores whose 
diameters are larger than 0.06 micron, 

d) having a BET surface area of over 
20 ni 2 /gm, and 

e) having the metallic palladium pene- 
20 trating into its surface pores no more than 

50 microns. 

2. A catalyst as as claimed in claim 1 
in which palladium content is 0.1 to 5% by 



25 3. A catalyst as claimed in claim 1 or 2 
in which the catalyst has a size of from 3 to 
200 mesh (6.35 to 0.074mm). 

4. A catalyst as claimed in any of claims 
I to 3 in which the alumina supporting 

30 spheres have a BET surface area of 20 to 
200 nr/gm. 

5. A catalyst as claimed in claim 4 in 
which the alumina supporting spheres have 
a BET surface area of 90 to 110 m a /gm 

35 6. A catalyst as claimed in any of claims 
1 to 5 in which the alumina supporting 
spheres have the metallic palladium penetrat- 
ing into its surface pores no more than 40 
microns. 

40 7, A catalyst as claimed in any of claims 
1 to 6 in which the total pore volume of the 
alumina is greater than 0.25 cc/gm. 

8. A catalyst as claimed in claim 7 in 
which the total pore volume of the alumina 

45 is greater than 0.4 cc/gm. 

9. A catalyst as claimed in claim 1 which 
has about 0.3% by weight of palladium, has 
a size of about 10 mesh (2.0 mm), and the 
alumina supporting spheres are predomin- 

50 antly theta-alumina and have a BET sur- 
face area of about 90 m 3 /gm.. 

10. A process for the production of a 
hydrogenation catalyst which comprises (1) 
forming an aqueous slurry of hydrous alu- 

55 mina containing boehmite and amorphous 
hydrous alumina in which one part by weight 
of amorphous hydrous alumina is present 
per 1 to 4 parts of boehmite, (2) forming 
the aqueous hydrous alumina slurry into 

60 spheres by dispersing the slurry into uniform 
particles of a desired size and dropping these 
particles into a column of water-immiscible 
liquid containing a coagulating agent, (3) 
calcining the alumina spheroidal particles 

65 by heating at a temperature from 850°C to 



1200°C for a time ranging from 30 minutes 
at the higher temperatures up to 12 hours 
at the lower temperatures to form delta- 
alumina and/ or theta-alumina, (4) treating 
the calcined spheroidal alumina particles to 70 
deposit palladium metal uniformly on their 
surface. 

11. A process as claimed in claim 10 
in which the alumina slurry is prepared by 
hydrolyzing finely divided alumina particles 75 
having a surface area of 75000 to 1,000,000 
m=/gra wherein die general particle size of 
the alumina is 2 to 100 microns. 

12. A process as claimed in claim 1 1 in 
which at least 50% of the alumina particles 80 
are from 10 to 40 microns. 

13. A process as claimed in claim 11 
or 12 in which at least 90% of the alumina 
particles can pass through a 325 mesh sieve 
(U.S. Standard). 85 

14. A process as claimed in any of claims 
11 to 13 in which the finely divided alumina 
particles are reacted with liquid water in 
the presence of a water-soluble lower fatty 
acid, at a temperature of 60 to 250° C under 90 
a pressure sufficient to maintain a liquid 
phase, maintaining a ratio of 1 gram mole 

of the organic carboxylic acid per 2 to 30 
gram atoms of aluminum and at least 18 
gram moles of water. 95 

15. A process as claimed in claim 14 in 
which the acid has 1 or 2 carbon atoms. 

16. A process as claimed in claim 15 in 
which the acid is formic acid. 

17. A process as claimed in any of 100 
claims 10 to 16 in which the coagulating 
agent is ammonia. 

18. A process as claimed in claim 17 in 
which the ammonia is passed upwardly 
through the column of water-immiscible 105 
liquid in counter-current flow to the drops 

of alumina slurry. 

19. A process as claimed in claim 18 
in which the resulting spheriodal particles 

are collected at the base of the column, sep- 110 
arated from the water-immiscible liquid,' aged 
in a dilute aqueous ammonia solution, water- 
washed and then dried until they contain no 
more than 5% free water by passing a 
heated air stream, having a temperature over 115 
100 6 C, over the spheroidal particles, 

20. A process as claimed in any of 
claims 10 to 19 in which a filler or thickening 
agent is added to the hydrous alumina slurry 

in amounts sufficient to constitute up to 65% 120 
of the total alumina slurry. 

21. A process as claimed in claim 20 in 
which the filler or thickening agent con- 
stitutes from 20 to 50% of the total alumina 
slurry. 125 

22. A process as claimed in any of claims 
10 to 21 in which the dispering means for 
forming uniform drops of the slurry com- 
prises a multiplicity of hypodermic syringe 
needles. 130 
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23 A process as claimed in any of claims hydrogenation catalyst . substantklly as here- 

10 to 22 Tins the calcining isWted at inbeforc described with particular reference 

a teniDerature of 900° C to H00 a C to Example 1. ... on 

T A pneas as claimed in claim 23 27. A hydrogenation catalyst whenever 20 

5 in which the calcining is effected by healing produced by a process as herein described 

at owr for about 4 hours. and claimed. 

"S? A^^ aJdS^lniinyofclaliii. 28. A hydrogenation catalyst . subs an- 

loTo 24 in which the palladium is deposited tially as hereinbefore describe ' ™*J£ |£ 25 

by impregnating the alumina spheres with a lar reference to any of the foregoing Ex- 25 

10 water-soluble inorganic salt of palladium, amples. 

precipitating the palladium in either its free Thompson * CO 

state or in a chemically combined form on W. P ™MPSON \& CO., 

the surface of the spheroidal alumina par- 12. Church Mreet. 

tides and activating and/or reducing the de- rhSSAV^t Agents 

15 posited palladium. Chartered Patent Agents. 

26. A process for the production of a 
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